". The direct cortical response (OCR), an electrical potential recorded in the immediate vicinity of a surface cortical stimulus, shows a configuration in the primary sensory areas of animals that is different from the one observed in association cortex. This suggested the possibility that systematic study of the OCR in the human brain might reveal a profile of configurations in which the form of the response provides functional information about the gyri being tested.
R ECENTLY, there has been an increasing use of functional localization to guide the neurosurgeon during extirpation of tumors and vascular malformations. 2 ,6,9,17,19,26,32 The motor and sensory gyri are identified either with electrical stimulation of the cortical surface to produce movement or sensation, or by recording somatosensory evoked responses (SER's), or both. 7 ,9,19,24,26,32 These methods usually require exposing more brain than is necessary to extirpate the lesion. Such liberal exposure anticipates possible displacement of the sensorimotor region by the lesion. Also, the use of SER's to localize the sensorimotor gyri requires recordings from adjacent "nonfunctional" cortex in addition to sensorimotor cortex. 17 Language cortex can be mapped only in the awake patient by searching for cortical loci where electrocortical stimulation interferes with speech. 26 There are no methods for functional localization in the vast expanse of association cortex. Information concerning the human association areas derives mainly from the neuropsychological lit-erature on brain-injured individuals. These studies, however, have not provided a database for developing pragmatic methods for functional localization during surgery. Also, recent studies using novel technologies such as positron emission tomography4, 16 and optical imaging l8 suggest a role for these techniques in functional localization. The feasibility for applying these methods in the anesthetized patient during surgery remains to be demonstrated.
We need a method that can identify, in the anesthetized patient, motor cortex, primary sensory cortex, language cortex, and ultimately the function of the particular association cortex being manipulated. Such identification should be possible through a craniotomy of sufficient size to deal only with the lesion and immediately surrounding gyri. The method should be a practical one that can be used routinely by all neurosurgeons.
To this end, we are testing the following hypothesis. Do functionally distinct areas have specific electro-physiological features? This possibility is suggested by animal studies of the direct cortical response (DCR),3,22,3IJ an electrical potential recorded in the immediate vicinity of a focal electrical stimulus applied to the cortical surface. 1 In animals, DCR's from primary sensory areas have a different configuration from those observed in association cortex.
2 2,31J Such differences have not been reported in human cortex, although the human DCR has been studied in a variety of other contexts. R, IZ < We report herein our initial studies toward determining the extent to which human DCR's may reflect the function of the specific gyrus from which they are recorded. As a prelude to the human investigation, observations were made first in subhuman primates.
Materials and Methods

Animal Studies
Four subspecies of Macaque monkeys and one Chachma baboon were studied in conformity with the guidelines for animal care and use set down by the American Physiological Society.
Anesthesia. The animals were sedated with ketamine (10 mglkg) and given atropine (0.04 mglkg) to reduce oral and nasopharyngeal secretions. An intravenous line was established. Surgical anesthesia was induced and maintained with thiopental (25 mglkg) during preparation and recording. A unilateral craniotomy was performed and the dura opened to expose the frontal and parietal cortex.
The location of the motor hand area was verified in each animal by evoking contralateral hand movement with electrocortical stimulation. Stimuli of 10 to 15 V with a pulse duration of 0.5 msec at 60 pulses/sec were isolated from ground with a radiofrequency transformer. The recording sites spanned the prefrontal, premotor, motor, somatosensory, and area 7 cortex along a horizontal plane through the hand representation ( Fig. 1 upper) .
Stimulating-Recording Electrodes. The DCR's were elicited and recorded with a combined tripolar stimulating and monopolar recording electrode assembly. The three stimulus electrodes were located at the apices of an equilateral triangle with 4-mm sides; the recording electrode was located in the center of the triangle, equidistant from the stimulating electrodes (Fig. 1  lower) . The recording electrode was led against a reference in the temporal muscle. Each electrode consisted of a I-mm diameter platinum disc embedded on a thin Silastic sheet, and attached to stranded stainlesssteel Silastic-insulated wire. The stimuli were 0.05-msec pulses of 10 to 15 V delivered through the tripolar stimulating electrode via a circuit for reducing shock artifact.zo The signal from the recording electrode was led to an alternating current-coupled amplifier with a gain of X 2000 and a bandpass of 0.1 to 3000 Hz. The amplifier output was viewed on an oscilloscope and single responses were recorded by photographing the oscilloscope face.
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Human Studies
All patients provided informed consent in accordance with the protocol established by the Committee on Human Studies Review at Washington University School of Medicine. Direct cortical responses were studied in 14 patients. Ten were undergoing craniotomy for tumor resection and two for occult vascular malformation. Eleven of these 12 patients had a chronic seizure disorder or one to several seizures as their presenting symptom. The remaining two patients were undergoing craniotomy for epilepsy of non-neoplastic etiology.
Anesthesia. The patients were premedicated with metoclopramide (0.2 mglkg) and cimetidine (5 mglkg) to decrease the risk of aspiration pneumonitis during induction of anesthesia. An intravenous line was established and incremental doses of fentanyl (8 to 20 JLg/kg) and droperidol (0.08 to 0.2 mg/kg) were given progressively. Anesthesia was induced following administration of a short-acting muscle relaxant (vecuronium, 0.1 mg/kg) and maintained with a fentanyl drip (3 to 6 JLglkg/hr), NzO z (65%/35%), and end-tidal 0.25% isoflurane to obtain complete amnesia. When functional localization was completed, muscle relaxation was reintroduced and the patient was maintained on N Z 0 2 (65%/35%) and fentanyl for the remainder of the procedure.
ll This general anesthetic menu is the Functional localization by direct cortical response (2) is not present in the response to a strong stimulus to demonstrate that it mayor may not be absent, depending on the anesthetic agents used: it is eliminated by barbiturate anesthesia (see text).
msec Positive Spikes
Strong
ModerateWeak the primary negative potential. 13 If the recordings are obtained in a primary sensory area, stronger stimulus intensities elicit responses in which spikes of positive polarity and brief duration (approximately 1 msec) appear as the initial phase of the response, and are followed by the primary negative potential. The brief positive spikes have been ascribed to serial "all or none" discharges in the soma of cortical neurons,22,2B,29
Subhuman Primates
The DCR's from five animals are shown in Fig. 3 . Responses from somatosensory, motor, and association cortex are readily distinguishable from each other. However, there are no differences in configuration between motor and premotor responses, or between association responses from prefrontal and parietal cortex. The somatosensory area can be readily identified by at least three (except for Monkey 3) and as many as five positive spikes. None of the responses in the other cortical areas show this feature. Motor and premotor responses show one or two positive spikes preceding the primary negative potential. The DCR's from prefrontal and area 7 association cortex show a slower lowamplitude positive deflection preceding the primary negative potential.
We encountered no second negative potential in any area. This finding is related to the barbiturate anesthe- 
Results
Nomenclature of DCR Components
The configuration of the DCR varies with a variety of conditions: stimulus strength, stimulus frequency, electrode size, anesthesia, physiological state of the cerebral cortex, absence or presence of epileptogenicity, cortical recording site, species, cortical maturity, and whether alternating-or direct-current recording is used. 8 ,12-15 Each of these conditions, alone or in combination with some or all of the others, determines which features of the DCR are revealed. Thus, before presenting the results, we review the nomenclature and significance of the DCR components pertinent to our study (Fig. 2) .
Previous studies had shown the DCR to reflect predominantly postsynaptic events. A weak stimulus evokes a 20-msec negative deflection, called the "primary negative potential." It represents excitatory postsynaptic potentials (EPSP's) of apical dendrites. 23 ,29 A stronger stimulus elicits a "second negative potential," which probably reflects a separate set of EPSP's; it appears at a higher stimulus threshold than that required to expose the primary one. 12 The second negative potential augments with repetitive (6 to 20 pulses/sec) stimulation (in contrast to the primary negative potential which diminishes in amplitude) and is obliterated by barbiturate anesthesia, which is not the case with same that we administer routinely during functional 10-calization using somatosensory evoked responses and motor responses to electrocortical stimulation. It does not include barbiturates, which affect some components of the DCR.12.l3 We saw no evidence of changes in response configuration that we could attribute to the anesthetic formula.
Stimulation and Recording. The areas of sensory and motor representation for hand and face were localized by recording both somatosensory evoked potentials and eliciting motor responses to electrocortical stimulation. 1O • J7 Direct cortical responses were evoked and recorded by the same method used in the animals, except that: 1) the stimulus pulses were isolated from ground with an isolation unit and converted to constant current with a constant current unit;* 2) the data were collected with a computer system for which the analog to digital sampling rate was 5000 samples/sec with 12-bit resolution;t 3) the reference electrode was placed upon a gyrus near the recording site; and 4) stimulating electrodes with interelectrode distances of 4, 6, 8, or 10 mm were used. Stimuli were delivered at lIsec. Ten responses were averaged and plotted on a digital plotter. If adequate adjustment of the stimulus artifact was not achieved, the DCR's from positive and negative stimulus polarities were added to reduce the artifact, 25 MOTOR SOMATOSENSORY cõ f the stimulating electrode was critical for eliciting all of the response components. When the stimulating assembly had an interelectrode distance of 4 mm, stimulus intensities up to 30 rnA failed to elicit the positive spikes or the second negative potential. By contrast, with an interelectrode distance of 10 mm, positive spikes and a primary and second negative potential, separated by a positive deflection, were clearly revealed at 20 rnA (Fig. 4) . A stimulating electrode with an interelectrode distance of 8 mm was equally effective; with a 6-mm interelectrode separation, the positive spikes and second negative potential were elicited inconsistently.
We have confirmed this response configuration in the somatosensory hand area in 12 consecutively studied patients. Of equal importance is that the DCR from the motor hand area also has a distinctive configuration. Two sharp positive spikes initiate the response and are followed by a large primary negative potential. A second negative potential is absent in the DCR from the motor hand area (Fig. 5) . Direct cortical responses (OCR's) from somatosensory and motor gyri and exposed cortex in apatient harboring a tumor. In the photograph, midline is at the bottom and anterior is to the reader's right. Extent of the tumor is shown by the black circle, with the more homogeneous and solid tumor tissue underlying the letter T. Note the failure to obtain a OCR from this cortical area. The meandering white line identifies the central fissure; the letter H and arrows mark the area from which electrocortical stimulation produced hand movement. F = area from which electrocortical stimulation produced facial motor responses. Numbers adjacent to each DCR correspond to those on the brain surface. Initial sharp downward deflections are due to shock artifact.
To determine if the OCR's in the somatosensory and motor hand area are representative of OCR's recorded throughout the somatosensory and motor gyri, DCR's were also recorded from: the face area in eight patients; in areas in the precentral gyrus from which electrocortical stimulation failed to produce motor responses in three patients; and in areas in the somatosensory gyrus, posteriorly adjacent to the site in the motor gyrus where electrocortical stimulation did not evoke a motor response in three patients. The OCR's elicited in the motor cortex were similar throughout the precentral gyrus. Responses from the somatosensory gyrus all showed positive spikes and the first and second negative potentials separated by a positive deflection (Fig. 6 ). The number of positive spikes varied from two to four, the latter number being seen in only one patient (not shown in Fig. 6 ). An atypical finding in two patients was the response from the motor face area, close to the sylvian fissure, which showed a second negative potential.
DCR 50 From Areas Other Than Somatosensory and Motor Gyri. In three patients, DCR's were elicited from the premotor gyrus anteriorly adjacent to the motor hand area. In contrast to the response in the analogous area in the monkey (Fig. 3) , this response was readily distinguishable from the one elicited in the motor hand area. It was smaller, its two positive spikes were less distinct, and its primary negative potential had a longer peak latency (Fig. 7) .
In one patient we had the opportunity to record responses along the middle and posterior sylvian fissure of the dominant hemisphere for language function. The patient had an astrocytoma in the left posterior inferior parietal region, abutting on the posterior superior temporal gyrus. He presented with several seizures, manifested by 20 to 30 seconds of speech arrest. A Wada test showed the left hemisphere to be dominant for language function. There were three recording sites along the sylvian fissure: the most anterior site was in the postcentral gyrus; the middle site was in the inferior parietal gyrus, 1.5 em posterior to the anterior recording site; and the most posteriorly situated electrode was 4 cm behind the middle recording site. The latter was located in either the posterior superior temporal gyrus or the posterior inferior parietal gyrus; we could not 
Discussion
In the animals studied, the configurations of responses from premotor and motor cortex were indistinguishable. Also, DCR's from prefrontal and parietal association cortex had the same configuration. These findings suggest that, in the monkey, there may be a limited diversity in DCR configuration. In the human, however, DCR's from somatosensory, motor, and prebe sure from surface examination of the gyral pattern. Electrocortical stimulation at this site halted speech (Fig. 8) . The DCR from this area showed features which we previously had not encountered. The positive deflection that separates the first and second negative potentials in somatosensory responses was replaced by a negative potential of identical duration and peak latency, and a third negative potential had the appearance of a step on the recovery phase of the second negative one (compare this response with the responses from the somatosensory gyri, both in Fig. 8 and in Figs. 4 , 5, and 6).
The responses from the anterior inferior parietal (somatosensory gyrus) and mid-inferior parietal areas were similar except that the mid-inferior parietal response showed a third negative potential like that seen in the most posterior response along the sylvian fissure.
Patients With Chronic Seizure Disorder of Non-Neoplastic Etiology
In contrast to the patients with glial tumors or occult vascular malformation, the two patients with a chronic seizure disorder not related to a tumor did not show responses with distinguishing features. Only small primary negative potentials, or positive potentials, appeared in place of the primary negative ones.
Significance of Interelectrode Distance
In the cat, Landau, et al., 21 demonstrated that the depth of the stimulus field created by a cortical surface stimulus is determined largely by the interelectrode distance of the stimulating electrodes. They further showed that the large-diameter axons in the subcortex are the lowest-threshold excitable elements in the stimulus field extending from the cortical surface to the subcortical white matter. 21 Thus, a surface stimulus activates the radiation fibers first, even though they are deep in the cortex or are subcortical. The initial positive spike of the response is believed to represent activation of the radiation fibers. These fibers, in turn, transsynaptically excite the elements that give rise to the remainder of the response.
Similarly, in our study of the human DCR, the interelectrode distance was critical. An 8-mm separation was required to expose the distinctive features of both the somatosensory and motor DCR's. The greater cortical thickness in the human compared to the monkey is undoubtedly the reason why a much larger interelectrode distance is required.
The 8-mm distance poses a problem that is not completely resolved. If a gyrus narrows to a width of 8 mm or less, one of the stimulating electrodes may come to rest in a sulcus or on the edge of an adjacent gyrus, distorting the response configuration. Recent observations using electrodes with an interelectrode distance of 7 mm and embedding them in a triangular template rather than a circular assembly has significantly but not completely eliminated this problem. motor cortex are each readily distinguishable. The studies completed thus far support the hypothesis that functionally distinct cortical areas may have specific electrophysiological features.
It is conceivable that, in the monkeys, the barbiturate anesthesia may have blunted other differences in configuration besides those that can be attributed to the second negative potential. In the human, however, the general anesthetic menu (see section on anesthesia under Human Studies, above) did not include barbiturates. It did include 65%/35% NzO z (which had no significant effect on the DCR) and fentanyl. Fentanyl can introduce paroxysmal features on electroencephalography;31 however, we saw no changes in the DCR that we could attribute to this drug. Also, the general anesthetic menu is the protocol we use routinely during functional localization with SER monitoring and motor responses to electrocortical stimulation and, as shown, the DCR configurations in somatosensory and motor cortex were reproducible in 12 consecutively studied patients.
With respect to the somatosensory and motor cortex, the next step is identification of these areas with DCR's prior to identifying them with SER's and electrocortical stimulation. The correctness of DCR localization without knowledge of the location of sensorimotor cortex should be demonstrated in a substantial number of patients before resection based on DCR's alone is undertaken. Sup. Temp. = either posterior superior temporal gyrus or posterior inferior parietal cortex (we could not be sure from surface topography). Arrow in response 1 is peak of second negative potential; arrow in response 2 is peak of positive potential. The peak latency from each arrow to the shock artifact is the same for each potential. Electrocortical stimulation at site 1 arrested speech. This was the only area from which electrocortical stimulation halted speech. The entire exposed cortex was mapped extraoperatively through a 48-electrode grid placed extradurally. The electrodes were distributed in six rows of eight electrodes, with an interelectrode distance of 1 cm in both the sagittal and coronal planes.
Poor Responses in Patients With Chronic Seizure Disorder of Non-Neoplastic Origin
In the two epilepsy patients, the poor responses may relate to the pathology underlying their seizure disorder. One had chronic encephalitis of the Rasmussen type and the other had a cortical malformation. In both instances, there were marked pathological changes throughout the motor and somatosensory gyri. They probably showed a poor response for the same reason that either a small deflection or no response was recorded from cortex overlying and infiltrated by a tumor (Figs. 6 and 8) .
Another factor that could have contributed to the quality of the responses in these patients is the epileptogenic state of the cortex. The adverse effect of epileptogenicity on the DCR configuration has been demonstrated by observing the changes in the primary negative potential during a repetitive stimulus that evokes afterdischarge.~.12
Significance of Response Configuration Obtained From Site of Stimulation-Arrested Speech
The site where electrocortical stimulation arrested speech may be viewed as "essential cortex." With respect to language function,27 a permanent deficit may be expected if it is removed. This finding is not presented as definitive evidence for gyral specific DCR's in language cortex. It is presented to provide the rationale of the method by which we will assess the significance of DCR configuration in language cortex.
Evidence suggests that the location of essential areas does not change over time. 27 However, there is a marked variability in the location of these areas from individual to individua1. 26 • 27 Variability in the distribution of cytoarchitectonic areas is also a feature of the perisylvian cortex. 5 • 27 For example, the cytoarchitectonic area Tpt, an auditory association cortex corresponding to the posterior portion of Brodmann's area 22, occupies the posterior portion of the planum tem-porale within the sylvian fissure and extends onto the temporal convexity to make up a variable part of the posterior half of the superior temporal gyrus. In some cases, it extends onto the parietal lobe. In the left dominant perisylvian cortex, Tpt occupies a significantly larger area than it does on the right side, and lesions in the area it occupies have been associated with Wernicke's aphasia. s
The location of the DCR in Fig. 8 site 1 , a location of essential cortex, raises the possibility that the response could be from sampling area Tpt. If that is the case, is the configuration of this response indicative of essential cortex? Is it specific for the architectonic area from which it derives? Or is it unrelated to either condition and has some other as yet unidentified significance? The identification thus far of gyral-specific responses in the somatosensory, motor, and premotor gyri -areas that have specific architectonic features and functions -favors a similar explanation for the configuration of the DCR at site 1 (Fig. 8) in language cortex. In order to definitively address this question, extensive study is needed of DCR's derived from temporal and frontoparietal cortex along the length of the sylvian fissure, in both the dominant and nondominant hemispheres.
Conclusions
The results in patients with tumors or vascular malformations suggest that DCR's may come to be used as a method for functional localization in patients with focal space-taking pathology. The method would have the following desirable features:
1. It can be used in the anesthetized patient. 2. It needs to sample only a small area (about 7 sq mm) to identify the gyral-specific function.
3. It can identify the somatosensory and motor gyri, even when sampling an area within those gyri that is electrically inexcitable for producing movement or sensation.
4. In contrast to 1-msec pulses at 6O/sec for several seconds, which is required for evoking behavioral responses to electrocortical stimulation, a single 0.05-msec electrical pulse evokes the response. Such a brief stimulus has virtually no disturbing effect on the cortex. One can move quickly from area to area to localize essential cortex.
5. The craniotomy need only be large enough to deal with the lesion and the immediately adjacent gyri.
To make such a method practicable for all neurosurgeons, not just those with a background in electrophysiology, one can visualize an automated system in which the responses are analyzed by a computer utilizing pattern-recognition software. Rather than presenting the surgeon with a picture of an electrical potential, such a system might communicate the result with the functional designation of the particular gyrus being tested, such as "Somatosensory," or "Motor," or "Language," or "Don't Know."
